ReBCO pancake coil is expected to improve dynamic and thermal stability and enhance current density. The investigations on electromagnetic and thermal behaviors are important for the development of NI ReBCO coils. Many stability investigations of the NI ReBCO coil itself have been carried out by experiments and simulations. However, the detailed behavior of the bypass current between turns has not been shown. Although contact resistivity was obtained through prior experiment, it included the resistivity of not only contact surface but also the components, i.e., the copper stabilizer and the Hastelloy substrate, of a ReBCO tape. To investigate the detailed bypass current behavior in this paper, the true contact surface resistivity is taken into account in the simulation. The bypass current on the cross section of the NI ReBCO tape is simulated using the two-dimensional finite-element method. From the simulation results, the influence of the coil-radial resistivity between turns on the turn-to-turn contact surface resistivity is clarified. In addition, the heat loss is also reported, and a simple equivalent circuit of the turn-to-turn contact is proposed.
I. INTRODUCTION
R ECENTLY, THE No-Insulation (NI) winding technique [1] , [2] has received attention. This technique can be applied to REBCO pancake coils for the use of NMR [3] , MRI, and accelerator applications. The NI winding technique enhances stability and current density simultaneously; when a local hotspot appears in an NI REBCO coil, the transport current can avoid it and flows directly into the adjacent turns. This behavior is expected to improve the thermal stability. Additionally, owing to no insulation material, the current density can be increased. However, the drawback to the NI winding technique is the charging delay [4] . So far, to confirm the effectiveness of the NI winding technique, some current flow simulations in a pancake coil have been performed using the simple equivalent electrical circuit model [5] , [6] or the partial element equivalent circuit (PEEC) model [7] . Through these simulations [4] - [6] and experiments [1] - [3] , [7] it was confirmed the stability was sufficiently high as a whole NI REBCO pancake coil. However, for more effective use of NI technique, we have to investigate the contact resistivity, the stabilizer thickness, the substrate material, and so on [7] . Before the above-mentioned investigation, the detailed behavior of the bypass current between turns has to be clarified. Although a turn-to-turn constant resistivity of 70 μΩ · cm 2 was obtained in [8] , it is unknown how the bypass current flows from a turn to the adjacent turns. The clarification of the local turn-to-turn bypass current behavior develops the NI technique more; e.g., it is useful to determine the cross-sectional structure of the REBCO wire, such as the stabilizer thickness. To reveal the turn-to-turn bypass current behavior, in this paper, the 2-D FEM is carried out on the cross section of the NI REBCO tapes touching side by side with arbitrary contact conductivity. From the simulation results, we investigate the current behavior, the Joule heat, and the total turn-to-turn contact resistance, changing the true turn-to-turn contact resistivity. Finally, we propose a simple equivalent circuit between REBCO layers, and it is useful to determine the parameters of REBCO tape structure, e.g., the stabilizer thickness. Fig. 1(a) shows the schematic view of an NI REBCO pancake coil wound with a REBCO tape (SuperPower 2G HTS tape) 1 using the NI technique [1] , [2] . A turn in the NI REBCO 1 http://www.superpower-inc.com/content/2g-hts-wire.
II. SIMULATION MODEL AND METHOD

A. Simulation Model
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. REBCO TAPE pancake coil electrically contacts to the adjacent turns with contact resistivity ρ ct . The REBCO tape consists of a superconductor layer, a Hastelloy substrate, a copper stabilizer, a silver overlayer, and buffer stacks. Fig. 1(b) shows the simulation model, where the silver overlayer is omitted and the buffer stacks are regarded as insulated because their influence is not so large in the current flow. The simulation model is the two cross sections of REBCO tape aligning side by side with arbitrary contact resistivity. Table I shows the parameters of the simulation model. There is no insulation material surrounding the REBCO tape surface, so that the current can flow from a turn to the adjacent tapes if a local normal-state transition occurs in the NI REBCO pancake coil.
B. Simulation Method
In the numerical simulation, the current flow between two adjacent turns is analyzed using the 2-D FEM. The governing equation in the simulation is given by
where σ and ϕ are the electrical conductivity and the scalar potential, respectively. On the contact surface of the NI REBCO tapes, the double-nodes method [9] is employed. The electrical contact condition is as follows:
where ϕ l , ϕ r , ρ ct , and J ct are the scalar potential on the contact surface of turns l [the left cross section in Fig. 1(b) ] and r (the right), the turn-to-turn contact surface resistivity, and the current density from the turn l to r, respectively. In the simulation, the current per unit length of longitudinal direction from the left to the right REBCO layer in Fig. 1(b) is set to 1.0 A/cm. With these conditions, the current flow on the cross section of the NI REBCO tapes is simulated.
III. SIMULATION RESULTS
A. Current Density Distribution
To investigate the influence of the turn-to-turn contact surface resistivity on the bypass current behavior, the simulation is performed on various turn-to-turn contact surface resistivities, ρ ct = 10 −6 to 10 4 μΩ · cm 2 . Fig. 2(a) shows the simulated current density distributions when ρ ct is 10 1 μΩ · cm 2 . In the simulation results, since the current flow on the top and bottom copper stabilizers of the NI REBCO tapes are symmetrical, only the enlarged top cross sections are presented. In Fig. 2(b) , the current from the left to the right REBCO layer concentrates on the top copper stabilizer of the REBCO tape at ρ ct = 10 −4 μΩ · cm 2 . As shown in Fig. 2(c) , when ρ ct = 10 −1 μΩ · cm 2 , the current flows along to the contact surface, because the current cannot flow into the adjacent turn with a short length on the contact surface. When ρ ct = 10 2 μΩ · cm 2 in Fig. 2(d) , the current passing through the contact surface uniformly flows into the adjacent turn. Fig. 3 shows the normalized current density on the turn-toturn contact surface. When ρ ct = 10 −4 μΩ · cm 2 , the length of current flowing is very short. The larger ρ ct , the longer the length of current passing through. When ρ ct = 10 2 μΩ · cm 2 , the current uniformly passes through the turn-to-turn contact surface. 
B. Coil-Radial Contact Resistivity
The reference [4] showed the turn-to-turn contact resistivity, 70 μΩ · cm 2 . However, its value includes the copper stabilizer and Hastelloy substrate resistivities, so it is termed "coil-radial contact resistivity" in this paper. The coil-radial contact resistivity ρ r means the net resistivity from the left to the right REBCO layer in Fig. 1(b) , and is obtained as follows:
where
, and w [m] are the total Joule heat per unit length, the electric potential difference between two REBCO layers, the current per unit length (1.0 A/cm constant in this paper), the tape width (4.0 mm in this paper), respectively. Fig. 4 shows the coil-radial contact resistivity ρ r vs. the turn-to-turn contact surface resistivity ρ ct . From Fig. 4 , when ρ ct < 10 −3 , ρ r is constant, i.e., ρ r is dominated by the copper stabilizer. On the other hand, when ρ ct > 1, ρ r is linearly proportional to ρ ct , i.e., ρ r is dominated by the turn-to-turn contact surface. Therefore, when the contact resistance is enough high, such as 70 μΩ · cm 2 [3] , the coil-radial contact resistivity can be used as the turn-to-turn contact surface resistivity.
C. Joule Heat Loss
Next, we investigate the Joule heat loss per unit length. Fig. 5 shows the heat density per unit length of every component and the contact surface, where Q Cu,l , Q Cu,r , Q Has,l , Q ct , and Q all are the heat density of the copper stabilizer of the left and right REBCO tape, the Hastelloy substrate of the left REBCO tape, the contact surface, and the total, respectively. When ρ ct < 10 −1 , Q all is almost constant, and is mainly composed of Q Cu,l and Q Has,l . However, when ρ ct > 10 2 , Q all increases together with Q ct . When the turn-to-turn contact resistivity ρ ct is high, Q Has,l becomes larger than Q Cu,l .
D. Simple Equivalent Circuit
Finally, we construct a simple equivalent circuit of the turnto-turn contact between the REBCO layers, and it represents the coil-radial contact resistance. Fig. 6 shows the proposed equivalent turn-to-turn contact circuit consisting of the resistance of the left and right copper stabilizers, R Cu,l and R Cu,r , the Hastelloy substrate, R Has,l , and the contact surface, R ct . The copper stabilizer resistance is as a function of the turn-to-turn contact surface resistivity, meanwhile the Hastelloy substrate and contact surface resistances are constant. Fig. 7 shows the resistances per unit length, R Cu,l , R Cu,r , R Has,l , and R ct .
The left copper stabilizer resistance R Cu,l changes depending on the length of current flow in the copper. R Cu,l becomes large when the current flows along the contact surface, as shown in Fig. 2(b) . On the other hand, although the current also flows along the contact surface at ρ ct = 10 2 μΩ · cm 2 , as shown in Fig. 2(c) , R Cu,l is small owing to a large amount of current following in the Hastelloy substrate. The current of the copper stabilizer on the left turn per unit length of longitudinal direction I Cu,l is obtained from
When the heat generation Q Cu,l and Q Has,l change as shown in Fig. 5 , the currents I Cu,l and I Has,l also change with the change of the contact resistivity. Fig. 8 shows the current of the left copper stabilizer and Hastelloy substrate, and Fig. 9 shows the current distribution on the half top of the REBCO tape at ρ ct = 10 −4 , 10 −1 , and 10 2 μΩ · cm 2 , where the color scale is different from that in Fig. 2 to focus on the current in the Hastelloy substrate. From Figs. 8 and 9 , the current in the Hastelloy is relatively large at the large contact surface resistivity.
Next, we obtain the ideal resistance value of the Hastelloy substrate and the right copper stabilizer. The ideal Hastelloy substrate resistance R Has,l is 1.58 μΩ · cm (= 1.25 μΩ · m × 50 μm/3.96 mm), and the ideal right copper stabilizer R Cu,r 1.00 nΩ · cm (= 2.00 nΩ · m × 20 μm/4 mm). When ρ ct > 10 2 , it is assumed that most of the current of the left copper stabilizer flows directly into the right REBCO tape. Therefore, the ideal R cu,l is 0.35 μΩ · cm (= 2.00 nΩ · m × 70 μm/40 μm). These ideal values roughly agree with the values in Fig. 8 . As a result, although the turn-to-turn contact surface resistance is a major contributing factor, we can simply estimate the current behavior using the proposed simple equivalent circuit with the ideal resistance. It is very useful in the determination of the parameters of REBCO tape, such as copper stabilizer thickness, and it is possible to roughly estimate the Joule heat. 
IV. CONCLUSION
The NI winding technique for REBCO pancake is expected to be applied to NMR, MRI and accelerator applications to enhance the thermal stability and the current density. Therefore, it is necessary to investigate the cross-sectional structure of the REBCO tape, suitable for the NI winding technique. In this paper, we showed the bypass current simulation method to clarify the current behavior and the Joule heat loss, and proposed the simple equivalent circuit for the turn-to-turn contact. Through these results, it is possible to investigate the cross-sectional structure of the REBCO tape, e.g., the copper stabilizer thickness and the tape width.
In the future study, we have to simulate the bypass current behavior on the cross section of more than two REBCO tapes.
